Abstract
Introduction
Electromagnetic-thermal non-destructive inspection combines electromagnetic excitation and transient infrared thermography. It has been proposed as an alternative method [1] to the classical eddy-current non-destructive testing: A coil is used to induce eddy currents inside the conducting material under inspection. The heat generated by the eddy currents creates temperature gradients and the resulting heat flow crosses the current flow. A crack with arbitrary orientation, will modify the heat flow either directly or indirectly and, consequently, the temperature distribution. By employing infrared thermography, it is then possible to visualize in two-dimensional the temperature distribution over the surface of the tested work piece.
The effectiveness of the method when various types of coils are employed has been investigated numerically in thin conductive plates [2] [3] [4] . Besides the widely used circular coils [2] [3] , square coils have been considered, as well as planar circular and planar square coils [4] . It has been shown that a coil is most effective when placed at an optimum distance from the plate, equal to ¼ of the diameter for a circular coil or ¼ of the side for a square coil. At this distance, the coils considered are equally efficient in detection of cracks. Substantial differences exist only when the coils are placed very close to the plate but then become less effective. For that case, the planar coils give better results.
Till now, our investigation has been limited to cases where the coil axis is perpendicular to the inspected surface. For typical parameter values, the radius of the detection region of a coil over an infinite plate varies between 2.5 coil radii (for cracks parallel to the heat flow) and 4 coil radii (for cracks perpendicular to the heat flow). For longer heating times, the radius of the detection region increases for cracks perpendicular to the heat flow, but it is not affected for cracks parallel to the heat flow. Of course, if a finite plate is considered, the detection region is affected at the plate borders and the plate corners, as well as by the plate shape [2] [3] . Notwithstanding the detection of cracks is possible within a region much larger than the projection of the coil section on the plate, cracks situated at the center of the detection region have short detection periods and their shape is not clear. In some cases, cracks just below the coil axis are not detected. A question arising now is whether it is possible to detect these cracks by employing a tilted coil.
In the present work we investigate the effect of inclination of the exciting coil in electromagneticthermal non-destructive inspection. In eddy-current surface inspections, conditions of tilt are met, for example, when a surface is scanned manually or when special probe designs are used, comprising coils with a specific orientation. Analytical expressions for the electromagnetic field and impedance of a cylindrical eddy-current probe coil are derived for arbitrary coil orientation above a conductive halfspace in [5] .
Description of the problem and data for the numerical experiments
We assume that the material under inspection has the shape of a thin plate and lies in the x-y plane. The axis of the coil used for the excitation may be: (i) parallel to the z-axis, i.e. perpendicular to the faces of the plate (angle of inclination 0 o ), (ii) perpendicular to the z-axis, i.e. parallel to the faces of the plate (angle of inclination 90 o ) and (iii) form an arbitrary angle θ with the z-axis (Fig.1e) . The coil creates a time-varying magnetic field, which induces eddy currents in the conducting material under inspection. The ohmic power dissipated in the material creates temperature gradients within it and the resulting heat flow crosses the current flow. A crack with arbitrary orientation, will modify the heat flow either directly or indirectly and, consequently, the temperature distribution. Our object is to examine whether it is possible from the two-dimensional depiction of the temperature field to conclude about the existence of cracks or other defects in the inspected material.
For the computations of the quantities of interest, i.e., the magnetic flux density created by the coil, the current density and the heat power density induced within the plate, and, finally, the temperature distribution, we have used the software package COMSOL Multiphysics (based on a finite element method) [6] . We study the excitation of a square plate with dimensions 15 cm x 15 cm and thickness 1 mm, by various coils at various inclinations. The plate material is aluminum with thermal diffusivity a = 8. 7 S/m. For the excitation, two idealized types of coils have been considered: (i) Coils of finite height, for which it is assumed that the difference between outer and inner radius (circular coil) or outer and inner side (square coil) is very small and (ii) planar coils, for which it is assumed that the coil height is very small. Namely, the four coils illustrated in Figure 1 are employed, i.e.: (a) A circular coil, with diameter 4 cm and height 2 cm, which will be referred as C4; (b) a square coil with side 4 cm and height 2 cm (S4); (c) a planar circular coil with inner diameter 2 cm and outer diameter 6 cm, i.e. mean diameter equal to 4 cm (PC4) and (d) a planar square coil with inner side 2 cm and outer side 6 cm, i.e. the mean length of its side is again 4 cm (PS4). The current flowing in the coil varies harmonically with time: I(t) = I 0 sin(2πft), with I 0 = 690 A and f = 50 Hz, while the number of wire-turns is 20. The inclination angle θ of the coil axis is measured with respect to the z-axis, which is perpendicular to the faces of the plate ( This corresponds to the "optimum distance" and the magnetic field created on the plate is almost uniform within a region corresponding nearly to the projection of the coil section on the plate (Fig. 2a) . The tilted coil creates a non-uniform magnetic field and, for θ = 90 o the magnetic flux density becomes zero at the plate center. As far as the current density is concerned (Fig. 2b) The current density affects immediately the heat power, which is proportional to the square of the eddy current density, and consequently, the temperature distribution, which is illustrated in Figure 4 for various inclinations. 
Comparison of the performances of the coils C4, S4, PC4 and PS4
The performances of the four coils considered are compared in Figures 5-7 , for an inclination of 0 o and 90 o . The coil lift-off is 1 mm. The magnetic field created on the plate by the planar coils PC4 and PS4 (Fig. 5a) , is stronger when θ = 0 o , compared to the magnetic field created by the coils of finite height, C4 and S4. However, the latter create a magnetic field almost uniform within a region corresponding nearly to the projection of the coil section on the plate. On the contrary, when θ = 90 o , the magnetic field created by the coils of finite height is stronger than the magnetic field created by the planar coils (Fig. 5b) .
The current density induced by the planar coils takes higher values if θ = 0 o (Fig. 6a) and lower than the current density induced by the coils of finite height when θ = 90 o (Fig. 6b) . Since the heat power is proportional to the square of the eddy current density, the temperature distribution, which is illustrated in Figure 7 
Crack detection
The detection of cracks when the coil axis is perpendicular to the inspected surface (θ = 0 o ), has been investigated extensively in [2] [3] [4] , by considering cracks of various lengths, at various positions in thin conducting plates. It has been shown that the radius of the detection region depends on the heating time, the magnetic flux density, the coil radius and the crack orientation with respect to the heat flow. For the optimum configuration (with the coil placed at the optimum distance over an infinite plate) and typical parameter values, the radius of the detection region varies between 2.5 coil radii (for cracks parallel to the heat flow) and 4 coil radii (for cracks perpendicular to the heat flow). For longer heating times, the radius of the detection region increases for cracks perpendicular to the heat flow, but it is not affected for cracks parallel to the heat flow. On the contrary, if the exciting magnetic field becomes stronger, the detection region becomes larger for any crack orientation with respect to the heat flow. Of course, if a finite plate is considered, the detection region is affected at the plate borders and the plate corners, as well as by the plate shape [2] [3] . As far as the detection period is concerned, the results show that it increases with the crack length. Furthermore, the detection period depends on the crack orientation with respect to the heat flow, being shorter if the crack is parallel to the heat flow and longer if the crack is perpendicular to the heat flow. By taking into consideration the above features, the plate surface may be divided properly into a few sub-regions, so that when the coil is placed successively above these regions, the whole surface is inspected effectively.
In order to compare the performance of a coil at various inclinations, we have studied numerous test problems, by considering cracks of various lengths, at various positions in thin conducting plates. Since the inclination angle affects the eddy current distribution on the plate, it is evident that the distribution of the heat power, generated by the eddy currents, is affected too. In turn, this will affect the temperature gradients developed within the plate and, consequently, crack detection. The computations show that the coil tilt reduces the detection region, especially for intermediate angles of inclination. In electromagnetic-thermal inspection, it seems that the cases where a tilted coil gives better results, compared to the results obtained by a coil with axis perpendicular to the inspected surface (θ = 0 o ), are very limited. Such a case concerns the detection of cracks situated at the center of the detection region of a coil with zero angle of inclination (θ = 0 o ). In fact, it has been shown that, a crack situated within the central region of the projection of the coil section on the plate may have a very short detection period and, in most cases, its shape is not clear [2] [3] [4] . Furthermore, if the crack is situated just below the coil axis, it cannot be detected by a coil with zero angle of inclination (θ = 0 o ), unless the coil is moved to another place. For the detection of these cracks, an angle of inclination of 90 o is most appropriate. Such a specific case is illustrated in Figure 8 . A crack with a length of 1.5 cm is situated at the plate center. The coils considered (C4, S4, PC4, PS4) fail to detect this crack when their axis is perpendicular to the plate (i.e. θ = 0 o ) and just above the plate center (which coincides with the center of the crack). On the contrary, if the angle of inclination becomes θ = 90 o , the snapshots in Figure 8 show that the crack is detected effectively by the coils. 
Conclusions
In the present work, the effect of inclination of the exciting coil in electromagnetic-thermal non destructive inspection has been investigated numerically. To this aim we have considered four coils, flat or of finite height, with circular or square section. Each coil is placed over an aluminum plate, at various inclinations. The coil lift-off is 1 mm for any case considered. 
